Abstract Wood specimens to each of which a laminate of carbon fibre reinforcement polymers (FRP) was glued (creating a lap joint in each case) were loaded to failure. A total of 15 specimens of three types differing in the glued length (anchorage length) of the FRP laminate (50, 150 and 250 mm respectively) were tested, their strength, stiffness and strain distribution being evaluated. Synchronized digital cameras (charge-coupled devices) used in testing enabled strain fields on surfaces they were directed at during the loading procedure to be measured. These results were also evaluated both analytically on the basis of generalized Volkersen theory and numerically by use of the finite element method. The lap joints showed a high level of stiffness as compared with mechanical joints. A high degree of accuracy in the evaluation of stiffness was achieved through the use of the contact-free evaluation system. The load-bearing capacity of joints of this type was found to be dependent upon the anchorage length in a non-linear fashion. The experimental, analytical and numerical results were shown to be in close agreement with respect to the strength and the strain distribution obtained.
Background
In the building sector, enhancement of the loadcarrying capacity of new or already existing structures without any change in their geometry needing to be made may be sought. This may be based on changed conditions, such as an increase in loading due to rebuilding or redesigning of the overall structure. Points in close proximity to connections between different building elements or around holes or notches in beams, for example, can be in particular need of reinforcement. What is aimed at may be greater stiffness, enhanced load-bearing capacity, or both. One method of increasing the stiffness and strength of a structure is by use of Fibre Reinforced Polymers (FRP). These show a very high level of strength and stiffness as compared with many other materials.
The aim of the present study was to investigate experimentally under well-defined conditions and evaluate analytically and numerically the properties of the interaction between FRP-laminates (referred to hereafter as FRPs) and timber to which they are glued to form single-overlap joints (these are also termed lap-joints). Other researchers, such as Gustafsson and Enquist [1] , Johansson et al. [2] and Kliger et al. [3] have reported both experimentally and numerically based findings concerning properties of the FRPtimber interaction. In these studies no use was made of a contact-free evaluation system to examine in detail the behaviour of the joint, a matter the very large amount of data obtained by use of such a system makes possible. Guan et al. [4] studied a timber beam reinforced with glass fibre pretensioned to different forces. They compared the load-deflection relations between a three-dimensional finite element model and experimental results and obtained good agreement.
One can note that experiments have also been performed with the aim of developing design equations for glued-in rods, an application that shows strong similarities to FRP overlap joints, see Steiger et al. [5, 6] . In the present study no design parameters are proposed. The objective is rather to investigate the usefulness of various methods for analyzing FRP lap joints. One of these is the contact-free evaluation system just referred to. Two others are the use of analytical models based on generalized Volkersen theory (see [7, 8] ), and analysis by use of the finite element method.
Materials and methods

Test specimens
Wooden test specimens of Norway Spruce 350 mm in length were sawn from 5 m long boards 70 9 145 mm 2 in cross-section. Prior to any further handling, the wood specimens were stored in a standard climate at 20°C and a relative humidity of 65% until moisture equilibrium was achieved. After completion of the experiments, conducted thereafter, the moisture content of the wood specimens was verified by oven drying and then weighting them. Just prior to the experiments, the surface on the side on which the FRP was to be attached by glue was planed.
The FRPs were 1.4 mm thick their stiffness and strength, as stated by the manufacturer, were 150 and 2000 MPa respectively. All carbon fibres where oriented in the same direction. The FRPs were glued to the wood by use of a 2-component epoxy adhesive (Resin 220) using an amount of adhesive producing a bond line thickness of 1.3 mm. The glue was applied by means of a spatula. Each FRP was centrically placed on one edge of the wood specimen in question, such that there was 10 mm clearance to the edge of the specimen, see Fig. 1 . No clamping was used while attaching the two pieces to each other.
The specimens were of three different types, A, B and C, differing in the length of the overlap, l glue , such that the specimens in the groups had a glued overlap of 50, 150 and 250 mm, respectively. After the FRP had been glued to the wood, the specimens were once again stored in the 20°C/65% standard climate. For each of the three groups, five test specimens were manufactured, enabling 15 tests to be performed. The part of the FRP sticking out from the piece of wood to which it was attached was 150 mm in length in each case. This part of the FRP was used for applying loads by means of the hydraulic grip of the testing machine.
Experimental setup
The experimental setup, cf. Fig. 2 , aimed at transmitting shear forces within the plane between the FRP and the timber. The specimen was fixed on its upper end-grain surface by means of a short steel The beam was held in place and in contact with the specimen by use of tie-down threaded rods of the M20 type, together with a washer and a nut. The tie-down rods were anchored to a solid steel structure (a part of the testing machine). The load was applied at the free end of the FRP by displacement-controlled movement, the displacement increasing successively at 0.5 mm/ min. The loading rate was adjusted so as to lead to failure of the specimen within 1-3 min. The load cell employed had a capacity of 100 kN and a linear tolerance interval of ±0.1%. An overview of the setup is shown in Fig. 3. 
Collection of experimental data
Along with registering the force applied by the testing machine, deformation data was collected using two different methods: measuring the vertical displacement of the piston and utilizing a contact-free measurement system (Aramis TM ). An obvious difference between the two deformation measurement methods is that measurements of piston displacement are affected by the flexibility of the setup as a whole and of the test specimen itself, whereas using the contact-free system displacements between any two points within the field of measurements can be determined. This latter technique enables the entire field of in-plane strains to be measured continuously in the course of an experiment.
The contact-free measurement technique is based on the use of two cameras which are placed in front of the test object at angles and distances determined by the size of the object and by the lenses involved. With the two cameras, a number of stereoscopic pictures are obtained during testing. The current 3D position of any point within the measurement field can then be determined by post processing the pictures using the software being a part of the measurement system. A spray-painted, randomly distributed black and white pattern on the surface of the test object, deforming along with the test object itself during loading, enables the in-plane strains to be assessed. Post-processing of the pictures starts with identification of a reference state, here being that of the unloaded specimen. Each picture is then subdivided into partially overlapping sections, or facets, the size and amount of overlap being set by the user on the basis of the spatial resolution and accuracy desired. The gray-scale of the pictures is utilized in performing cross-correlation calculations, such that each facet position can be tracked with subpixel accuracy from one pair of pictures to the next. This allows different strain measures pertaining from the displacement field to be calculated.
The frame-grabbing intervals of the two cameras were adjusted so that 50-100 pictures per camera were obtained during each test. The sampling of the Volume in which the test specimen is to be placed. Fig. 3 Overview of the test setup and the data collection system load and displacement signals from the testing machine was synchronized in time with the pictures taken.
Analytical analysis
Analytical models for interaction between wood and FRP involving different boundary conditions can be formulated. A detailed account of how this can be done by use of the generalized Volkersen theory, as it is called, is given by Serrano and Gustafsson [7] . As shown by e.g. Kirlin [9] , the state of stress in the overlap joint can be mulitaxial. For example stresses perpendicular to the loading direction (peel direction) could develop close to the end of the FRP strip. Such stresses can, in general, be assumed to influence the level at which failure is initiated, but also the ultimate load level. The generalized Volkersen theory used here includes only longitudinal shear, although also peel stress could be included in the analysis, for example by including the shear deformation of the wood, see Gustafsson and Serrano [10] . In order to keep the analytical expression as simple as possible, the 1D-theory is used here, however.
Definitions of the symbols used in defining the specimen and the boundary conditions in question are shown in Fig. 4 .
In the conventional Volkersen theory, [8] , the differential equation for the shear stress present in a lap joint can be expressed as
where
In the expressions above, G is the shear stiffness of the adhesive layer, t represents the thickness of the adhesive layer, b is the width of the adhesive layer, E is the modulus of elasticity, and A is the equivalent area in the wood and in the FRPs respectively. The general solution to the differential equation (1) is
The constants C 1 and C 2 can be calculated using the boundary conditions, which for the present case are
These conditions enable an expression of shear stress, s(y), to be obtained:
This expression can be used to obtain the force N 1 by integration of the shear stress times the width b.
The corresponding strains in the FRP are found to be
This expression implies that, for any given values of the load P and of the anchorage length L, the strains in the FRP, e 1 , within the interval 0 B y B L can be obtained.
The expressions above are for linear elastic materials. The so-called generalized Volkersen theory, [7] , enables the fracture energy of the bond-line to be introduced as an additional parameter. This is done by introducing the equivalent shear stiffness of the adhesive layer. Accordingly, s 2 f 2G f ð Þ rather than G/t is used to determine the shear stiffness, where G f is the fracture energy of the bond line and s f is the intrinsic shear strength of the bond line. Introducing the equivalent shear stiffness into (1)- (4) and assuming that the joint fails when the maximum stress at the most stressed point in the bond line equals s f allows an expression for the normalized strength of the lap joint to be derived:
where A is the area of the overlap (i.e. A = b 9 l glue ). For ductile joints, i.e. those in which x approaches zero, the normalized strength equals unity. This means, in turn, that for such joints the shear stress distribution is uniform. Consequently, the governing material parameter for prediction of the load bearing capacity is the local strength of the bond line, s f . When x is sufficiently large (approaching infinity), the corresponding ''strength'' parameter governing the load-bearing capacity of the joint is the fracture energy of the bond line. Under such conditions, the prediction of (7) yields the same result as that provided by classical linear-elastic fracture mechanics theory (LEFM), and the load bearing capacity is e.g. independent of the glued length l, but depends on the ratio of the adherend axial stiffnesses, E 1 A 1 / (E 2 A 2 ). In cases between the two extreme cases above, both the local strength and the fracture energy influence the load-bearing capacity of the joint. Thus, the generalized Volkersen theory can be said to be a unifying theory.
Analysis using the finite element method
The test specimens were also analyzed numerically using the finite element method. Similar analyses have been carried out by Serrano [11] , for example, with use of nonlinear FEM. A numerical and experimental study of glued-in rods in which strain distributions similar to those achieved in the present study has been carried out by del Senno et al. [12] .
In order to perform the present analysis six material parameters, two for each material, were introduced under the assumption of the material being linearelastic isotropic, see Table 1 . This is obviously an approximation since wood, for example, is normally considered to be a strongly orthotropic material, yet for the analysis here the approximation is quite adequate, since the load is introduced primarily in the longitudinal direction of the wood. The accuracy of the FE-model was verified by use of models involving orthotropic parameters. The properties that are given for the glue should be considered as equivalent values since they include possible interface effects in the layers between the glue and the wood and between the glue and the FRP. In order to keep the model as small as possible with respect to the number of degrees of freedom, account is taken of the symmetry of the test set-up. The finite element model was loaded by displacement-controlled movement, the same way that it was done in the experiment. The boundary conditions used in the finite element model are shown in Fig. 5 . Since the main purpose of the current FE-analyses was to visualize the general stress distribution along the FRP, and not to estimate a single point maximum stress value at e.g. the corners of the FRP, no mesh refinement was used in the FE-models.
Results and discussion
Strength
The load-bearing capacities obtained from the experiments of each of the fifteen specimens that were tested, together with the average value obtained for each of the three groups, are shown in Table 2 . The average value for groups A, B and C i.e. for anchorage lengths 50, 150 and 250 mm, were 18.4, 32.8 and 35.5 kN, respectively. This shows clearly that the load-bearing capacity depends on the anchorage length, although in a non-linear fashion, and that the influence of the anchorage length diminishes as the anchorage length increases. The highest loadbearing capacity was that obtained for group C, which had the greatest anchorage length, however in group B, having an anchorage length 40% less, the strength is only 7.6% lower. In addition, in group A the anchorage length is 20% that of the anchorage length in group C, whereas the load-bearing capacity for that group is nearly 50% of that obtained for group C. In Fig. 6 the average strength is shown as a function of the anchorage length, highlighting the highly non-linear nature of this relation. Two different failure modes were found to occur in the experiment, one of these being shear failure of the wood material and the other a combination of failure of the wood and of the adhesive at the interface between the FRP and glue. An example of each of these two modes is shown in Fig. 7 . Most common for all three different anchorage lengths was the shear failure of the wood material.
The normalized strength of a joint as a function of the anchorage length is shown in Fig. 8 The values are given in kN energy. The effective area in the wood was assumed to be 50 mm wide and 50 mm deep, as based on the width of the FRP and the depth of the top beam. The curve shows a given change in anchorage length to have a stronger influence on the normalized strength of the joint for shorter than for longer anchorage lengths. The shape of the curve follows closely the three mean results of the experiments. Note that more experiments should be performed in order to verify the curve for longer anchorage lengths, those longer than around 300 mm. The results agree well with results previously obtained by e.g. Johansson et al. [2] and Steiger et al. [5] . Figure 9 shows the load-displacement response obtained in the tests. Curves based on displacement as measured by the vertical displacement of the piston and as well as curves based on displacement as measured by the contact-free system are shown. Using the curves based on the vertical displacement of the piston, the stiffness can be calculated to be approximately 30 MN/m. This value is independent of the anchorage length. The differences between the plotted curves can be partly explained in terms of local phenomena in the test setup. In the curves based on the vertical movement of the piston those effects (8) is shown as a solid line and the measured normalized strength for each of the three groups A, B and C is marked with an asterisk will be included in contradiction to the curves based on the contact-free system.
Stiffness
In order to avoid inclusion of the flexibility of the test set-up in measuring the lap-joint stiffness, test specimen numbers 1, 2 and 3 in each group were evaluated with respect to the relative vertical displacement between a point P1 located on the piece of wood 10 mm from the upper edge and a point P2 located in the center of the FRP on the edge of the wood piece, see Fig. 10 . This was easily done by use of the optical evaluation system. The relation between the load and this relative displacement, together with the load and vertical displacements as obtained from the piston, are shown in Fig. 9 . For the case in which the distance between the two points is employed, the stiffness obtained is about 180 kN/m, some six times as high as when the vertical position of the piston is the basis for the calculations. This difference highlights the power of using an optical system with the possibilities it provides of selecting evaluation points after testing has been performed. The accuracy of testing can be markedly increased in this way.
Strain distribution
It can be shown from results obtained using the contact-free system how the strain (e y ) varies over a given specimen. Figure 11 presents an example from each of the three groups of how strain is distributed in a test specimen. The upper part of the figure in each of the three cases shows the results obtained for a given load from the contact-free system, the bottom part of the respective figure showing the results of the finite element analysis for the same load. The red colour indicates large strains and the blue colour small to negative strains. It can be readily seen that the strains in the FRP are largest close to the edge of the piece of wood, their decreasing then toward in the 
vertical displacement from the contact-free system vertical displacement from the piston Fig. 10 Definitions of points P1 and P2 between which vertical displacements were measured, and Line 1, along which the strain component e y was measured inner parts of the glued area. For group A it can also be seen that the strains are largest in the part of the wood toward the end of the FRP. In Fig. 12 the normal strains in the FRP along line 1, defined as in Fig. 10 , obtained in three different ways are compared with each other for group A, B and C respectively. The strains shown are those obtained by use of the contact-free measurement system, as well as on the basis of the analytical expression and the numerical FE-analysis. The strains obtained in the experiments were averaged within each group before being plotted in the figure. The maximum strain just prior to failure was 1.45% for group A, 2.80% for group B and 2.81% for group C.
The figure shows that the normal strains (in the FRP) at the edge are appreciably lower in group A than in groups B and C, where they are quite similar in size. The relatively linear strain distribution can be explained by the fact that the glue is of relatively low stiffness compared with the material it is glued to. A perfectly linear distribution would imply that the shear stress in the bond line is constant along the overlap. The analytical calculations, as previously indicated, are based for each of the specimens on an Fig. 11 Examples of strains e y close to failure obtained in one of the testings in each of the three groups. e y for a test specimen from group A, F = 16.6 kN; e y for a test specimen from group B, F = 32.2 kN; e y for a test specimen from group C, F = 36.6 kN effective area of 50 9 50 mm 2 and a glue thickness of t = 1.3 mm. The equivalent shear modulus G of the glue can be calculated as having a value of 25.7 MPa according to the formula
where the shear strength s f = 8.2 MPa and the fracture energy G f = 1700 Nm/m 2 . The results of the three-dimensional FE-analysis are also shown in Fig. 12. A thickness of t = 1.3 mm was used for the glue, the corresponding modulus of elasticity being calculated as 62 MPa (corresponding to a G = 25.7 MPa and a Poisson's ratio of m = 0.2). The agreement between the calculations and the results of the experiments is rather close, implying that calculations for the type of lap joints shown here can be done analytically using generalized Volkersen theory and numerically using linear FEM.
Conclusions
The 15 test specimens, in each of which a 50 mm wide and 1.4 mm thick laminate of reinforced fibre polymers was glued to a 70 mm wide piece of wood, were all loaded to failure. The specimens belonged to three different groups, those having a 50, 150 and 250 mm long anchorage, respectively, of the FRP to the wood. The deformation and the stiffness of the joints were evaluated using an optical evaluation system. The load-bearing capacity, the stiffness and the strains were also evaluated using both analytical expressions and numerical methods. The results of the experimental investigation and of the numerical and the analytical calculations allow a number of conclusions to be drawn.
-The stiffness of the joints within the interval that was tested is basically independent of the anchorage length. For the combination of FRP, glue and wood examined the stiffness was found to be 180 MN/m. -To obtain an accurate stiffness value it is important that only the stiffness of the part that is studied be assessed. If a contact-free optical evaluation system is employed, the part to be studied can readily be chosen after the experiment has been carried out.
-The load-bearing capacity of the joint is partly a function of the anchorage length, becoming greater if the anchorage length is increased, but beyond a certain point the anchorage length appears to play only a limited role. In the experiments carried out, this was shown by the fact that, despite there being about a 40% difference in anchorage length between groups B and C, the average strength of the two differed by only about 10%. -The strain was found to be at a maximum at a point close to the end of the piece of wood. The maximum strain measured prior to failure was 1.45% for group A, 2.80% for group B and 2.81% for group C (average values). -For the type of lap-joints involved, close agreement between results of the experiments and results based on use of generalized Volkersen theory as well as of linear FE-analysis was obtained. An important aspect of the analyses carried out was to introduce the bond-line fracture energy as a major parameter. -The load-bearing capacity of joints of the type studied depends on the local strength of the bond line, the geometry of the joint (anchorage length and cross sectional area of the adherends) the stiffness of the FRP and the wood, and on the fracture energy of the bond line.
Gluing FRPs to timber can increase both the strength and the stiffness of parts of a structure in which this is needed. In the experiments carried out, the effects of different anchorage lengths as well as of certain critical strains were examined. The close agreement obtained between the theoretical calculations and results of the tests performed show it to be possible to perform simulations in this area with a high degree of accuracy.
